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摘要 
随着我国社会经济的飞速发展和城镇化进程的加快，大量肆意排放的废水造
成水体严重污染，导致“水危机”日趋严重。废水在排入水体前，应首先由污水
处理厂进行处理。较之于增加污水处理厂数量需要耗费大量资金成本，提高现有
污水处理设施的废水处理效率至关重要。活性污泥法是污水处理厂应用最广泛的
废水处理方式之一。由于在活性污泥系统中，微生物是去除污染物的主体。因此，
深入了解活性污泥中微生物的群落结构与功能，理解其时空分布格局及受控机
理，对于深化认识污水处理系统的本质，进而提高污水处理效率具有重要意义。
此外，由于活性污泥中还存在着大量的重金属、病原微生物和寄生虫卵等，因此
污水处理厂每年产生的巨量剩余污泥的处理和处置，也需要有一个全面的安全风
险评估。本论文采用第二代高通量测序技术、生物信息分析和多元统计学方法，
研究了国内两大城市（厦门和重庆）13 个污水处理厂活性污泥中细菌和古菌的
群落组成与结构，分析了污水处理厂中可能的核心微生物种群，初步探讨了污水
处理厂中微生物群落结构与环境因子之间的关系，并构建本地致病菌 16S rRNA
基因数据库，鉴定了活性污泥中分布的疑似致病菌。 
高通量测序结果表明：污水处理厂活性污泥中微生物的多样性极高。种-面
积关系（Species–area relationship, SAR）这一基本岛屿生物地理学模型可能同样
适用于污水处理厂这一工程生物系统。 
群落组成分析表明：从活性污泥中得到的 121268 条细菌序列中，94.3%的序
列被分为 27 个门（50 个纲），其中 Proteobacteria 是活性污泥中细菌的最主要组
成部分，其相对丰度占到总细菌群落的 38%；Actinobacteria 和 Bacterioidetes 次
之，其相对丰度分别占总细菌群落的 16.3%和 13%；而 Firmicutes、TM7 和
Chloroflexi 约占总细菌群落的 5%~10%。从活性污泥中得到的 2865460 条古菌序
列中，有 14.5%的序列无法被分类到门，35.7%的序列无法被分类到纲，其他序
列被分为 2 个门、7 个纲（12 个目），85.5%的序列属于广古菌门，甲烷菌，包
括 Methanomicrobia 及 Methanobacteria 等，为活性污泥中古菌的最主要组成部分，
其相对丰度分别占总古菌群落的 51.1%和 11.5%，大量无法被明确分类的古菌序
列表明对活性污泥中古菌的了解还不够充分，未来尚需更多的研究工作。调查结
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果表明在活性污泥中可能存在着一个重要的核心微生物种群，在不同污水处理厂
微生物群落中均占据优势地位，它们可能在活性污泥的稳定及污染物的去除过程
中发挥着重要作用。 
群落结构分析表明：厦门、四川两地的污水处理厂细菌群落存在显著差异，
古菌群落也同样存在着一定的差异。多元统计分析表明：环境因子（包括地理距
离、污水处理方式、日平均污水处理量、进水组成、理化参数等）可能影响着活
性污泥中的微生物群落结构特征。这表明由于随机分布和环境选择，每处污水处
理厂活性污泥中都包含有一些独特的微生物种群，活性污泥中微生物的分布具有
一定的地域性特征。 
致病菌分析结果表明：从活性污泥中得到的389条（占总细菌序列数的0.32%）
疑似具致病性的序列分属于18个属。其中Afipia分布最为广泛，在12个活性污泥
样品中均有检出。Eubacterium和Brucella分布也很广泛，分别在9个和8个活性污
泥样品中有检出。Aeromonas和Afipia为致病属中的最主要组成部分，其相对丰度
分别占总致病菌的24.2%和22.1%。包括Clostridium，Mycobacterium，Shigella，
Staphylococcus和Streptococcus等的5个属中，包含有一些可能导致全球范围内严
重传染病的致病性种。此外，其他12个包含在我国卫生部公布的致病属中，除了
Brucella之外大多数都有中等危险程度（risk grade III）。这表明污水处理厂的剩
余污泥对公共健康存在着一定的威胁，剩余污泥的处理和处置需要有一个全面的
安全风险评估。 
关键词：污水处理厂；活性污泥；细菌、古菌、致病菌；群落结构；
微生物生物地理学
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Abstract 
A large amount of wastewater discharged has led to the continuous water 
pollution and brought about a severe ―water crisis‖ as the rapid economic 
development and accelerated urbanization process Wastewater should be treated by 
wastewater treatment plants (WWTPs) before discharged. Improving the efficiency of 
WWTPs have a significance on wastewater treatment since much capital is needed by 
increasing the number of WWTPs Activated sludge process is the most widely used 
treatment technologies in WWTPs. Microorganisms in activated sludge (AS) are the 
key factor for contaminant removal. Hence, the insight of community structure and 
function, their spatial and temporal distribution pattern as well as controlled 
mechanism is important to deepen the understanding of the nature of WWTPs and 
improve their efficiency. In addition, a comprehensive risk assessment is an urgency 
due to the vast heavy metals, pathogenic microorganisms and parasite eggs in the 
huge amount of excess sludge produced by WWTPs annually. The next-generation 
high-throughput sequencing technologies, bioinformatics and multivariate statistical 
methods were used to investigate the community structures and β-diversities of both 
bacteria and archea in AS samples obtained from 13 WWTPs of Chongqing and 
Xiamen, China. The possible core microbial populations included and the potential 
pathogenic bacteria in AS were also analysed. 
High-throughput sequencing results showed a great diversity of the microbial 
community in AS of WWTPs. The species-area relationship (SAR), a fundamental 
island biogeography model for assessing spatial diversity patterns of microorganisms, 
may be also suited to explain the engineered biological systems.  
Community composition analysis showed that 94.3% of 121,268 high-quality 
bacterial sequences obtained from AS samples could be divided into 27 phyla (50 
classes). Proteobacteria that accounted 38% of the total bacterial sequences is the 
most abundant in bacterial community. Actinobacteria and Bacterioidetes followed 
with 16.3% and 13%, respectively. Firmicutes, TM7 and Chloroflexi accounted for 
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5%~10% of the total bacterial community. 14.5% of 2,865,460 archaea sequences 
obtained from AS samples could not be classified to door, and 35.7% could not be 
classified to class. The other sequences were divided into two doors, 7 classes (12 
phylums) and 85.5% of which belonged to Euryarchaeota. Methane bacteria, 
including Methanomicrobia and Methanobacteria, constituted the main part of archaea 
community in AS and the relative abundance of which was 55.1% and 11.5%, 
respectively. A large number of archaea sequences can not be clearly classified 
implying that it is not sufficient enough for understanding of archaea in AS and more 
efforts should be dedicated in the future. The results showed that there seems to be an 
important core microbial populations in AS which consititute the dominant population 
in WWTPs anywhere and it may play a significant role in activated sludge 
stabilization and pollutant removal. 
Community structure analysis showed that there were a significant difference 
between the bacterial communities in AS samples obtained from WWTPs in Xiamen 
and Sichuan, China. A certain degree of difference also was found between archaeal 
communities in AS samples. Multivariate analysis showed that environmental factors 
(geographical distance, types of biological treatment processes, average flow rate, 
influent composition, and physicochemical parameters) had led to the uneven 
distribution of microbial communities in AS. These results indicated that each AS 
may contain unique bacterial populations driven by random dispersal or 
environmental selection and the microorganisms in AS may have an endemic 
distribution. 
The results of the analysis of pathogenic bacterium in AS showed that the 389 
(0.32% of total bacterial sequences) potential pathogenic sequences were classified to 
18 genera. Afipia, the most widely distributed pathogens, were detected in 12 AS 
samples. Eubacterium and Brucella were detected in 9 and 8 AS samples, respectively. 
Afipia and Aeromonas constituted the most important component of pathogenic 
bacterium which accounted for 24.2% and 22.1% of the total potential pathogenic 
sequences, respectively. Five of the 18 pathogenic genera identified including 
Clostridium, Mycobacterium, Shigella, Staphylococcus and Streptococcus contained 
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some pathogenic species which may cause serious infectious diseases worldwide. 
Furthermore, 12 genera are included in the list of Chinese government report, and 
most of them are moderately dangerous (risk grade III) except Brucella. This 
indicates that the sludge produced by WWTPs may cause serious risks to public 
health. Therefore, further studies are needed to establish a comprehensive security 
risk assessment that can guide the treatment and disposal of sludge. 
Key words: Wastewater treatment plants; Activated sludge; 
bactera,archaea,pathogens; Community structure; Microbial biogeography;
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